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20  ABSTRACT  ( Con fd) 

Recapitulation  of  test  events,  detailed  post-test  examinations  of  engine  parts  and  used  lubricant  samples, 
and  follow-tlirougji  experimental  studies  by  MERADCOM/AFLRL  contirmed  or  indicated  plausible  mechanisms 
for  the  observed  difficulties  First,  the  fuel  pump  plunger  rod  sticking  jiroblcm  was  confirined  to  have  been 
caustd  by  corrosion  at  the  fuel-oil  interface;  second,  the  fuel  injector  valve  sticking  was  caused  by  a lacquer-like 
deposit,  third,  the  fuel  injector  noz/.le  holes  had  become  substantially  enlarged  and  elongated  by  predominately 
corrosive  mechanisms;  fourth,  excessive  distress  experienced  by  the  oil-control  piston  ring  appeared  to  have 
resulted  from  combined  effects  of  stress  corrosion  cracking  caused  by  HCl  and  scuffing  caused  by  inadequate 
lubrication,  and  fifth,  oil  filter  plugging  was  found  to  have  resulted  from  the  formation  of  lialon  by-product  and 
wear  meial-containing  sludge  in  the  lubricant. 


The  composite  results  of  laboratory  engine  tests,  corrosion  tests,  and  other  appropriate  experiments  with 
corrosion  inhibitors  provide  only  partial  solutions  to  the  problems  and  assure  only  short-term  engine  operation 
with  bromochloromelhane  *fire-safe  fuel*  Accordingly,  use  of  this  fuel  in  combat  should  be  only  considered 
for  limited,  sjiecial.  emergency  operations,  *Nogo*  positions  are  recommended  for  general  combat  equipment 
use.  and  no  additional  applied  research  and  development  is  recommended  for  BCM  FSF 
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F.xrniTivf.  .sn^-fftARY 


As  part  of  the  I'.P.  ^^^lv  "fire-safe  fuel"  (FSf)  research  aiui  (.level opment 
propram,  an  endurance  test  was  conducted  in  a new,  twelve-cylinder,  air-cooled, 
AVPS  1790-2C  diesel  enpine  by  Teledyne  Continental  Motors.  The  fuel  used  in 
this  test  comprised  5v"i.  hromoch loromethane  (ECM)  in  DF-2  diesel  fuel  (RCM  FFF). 

Tl>e  400-hour  mission  profile  cvcle  was  terminated  after  about  1 SR  hours  of 
operation  on  BCM  FSF  because  of  repeated  mechanical  prof'lerps  and  excessive 
exhaust  smoke  production.  Because  of  this  failure,  a coordinated  program  was 
initiated  by  the  Army  to  establis!)  w)ict!)cr  or  not  the  causes  of  the  engine 
failure  could  be  amclioriated.  Priority  effort  was  devoted  to  establishing 
viable  means  for  implementing  the  use  of  BCM  fire-safe  fuel  in  comhat  situa- 
tions, with  the  objective  being  to  provide  adequate  data  for  developing  a "go" 
or  "no-go"  position  on  BCM  "fire-safe  fuel"  before  the  end  of  September  1076. 

Extensive  experimental  data  and  other  information  was  developed  after  the 
AVDS-1700-2C  engine  BCM  FSF  endurance  test  was  terminated.  The  data  developed 
by  the  Army  Fuels  and  Lubricants  Research  Laboratory  (AFI.RL)  included  results 
of  single-cylinder  and  mul ti -cy 1 i nder  diesel  engine  tests,  fire  vulnerability 
tests,  corrosion  screening  tests,  and  various  routine  laboratory  and  bench- 
scale  evaluations.  In  addition,  a metallurgical  task  force  was  organized  by 
the  U.S.  Army  Mobility  Equipment  Research  and  Development  Command  (MERADCOM) 
and  subsequently  convened  at  the  Army  Materials  and  Mechanics  Research  Center 
(AMMRC)  to  assess  metallurgical  aspects  of  the  BCM  FSF  problem.s.  Because  of 
long  lead-time  requirements  involved  in  developing  al ternate-al lov  fuel 
injector  assemblies  (one  year),  it  was  not  possible  to  even  plan  the  testing 
of  such  injectors  prior  to  October  1D76.  Hence,  primary  attention  during  this 
investigation  was  devoted  to  the  modification  of  the  BC^’  FSF  formulation  and/or 
the  engine  lubricant,  with  less  emphasis  being  placed  on  the  possible  use  of 
alternate  corrosion-resistant  alloys.  An  accelerated  corrosion  test  was  developed 
by  AFLRL  to  provide  a screening  method  for  both  approaches,  and  the  4-ball  test 
(ASTM  Test  Method  D-2266)  was  used  for  screening  lubricity  effects.  It  was 
soon  determined  that  conventional  corrosion  inhibitors  were  ineffective  for 
counteracting  the  harmful  effects  of  BCM,  and  only  one  class  of  compounds  was 
identified  that  could  effectively  eliminate  the  HCl-induced  nozzle  corrosion 
problems.  Diis  class  comprises  halogen-scavenger  compounds  containing  a 
three-membered,  carbon-carbon-oxygen  ring  (epoxide  group).  For  volatility 
reasons,  cyclohexene  oxide  was  selected  as  the  fuel  additive  to  be  used  after 
brief  initial  successful  tests  were  conducted  with  propylene  oxide.  For  simi- 
lar volatility  reasons,  expoxidized  soybean  oil  was  selected  as  a candidate 
crankcase  lubricant  halogen-scavenger.  This  latter  material  is  reputed  to 
be  inactive  relative  to  epoxide  polymer  formation. 

The  composite  results  of  engine  tests,  corrosion  tests,  and  other  evalua- 
tions may  be  briefly  summarized  as  follows.  Of  the  four  major  problem  areas 
encountered  during  the  AVDS  1790-20  FSF  endurance  test,  the  injector  nozzle 
hole  enlargement,  injector  valve  sticking,  and  accelerated  cylinder-liner  wear 
were  successfully  duplicated,  but  the  oil-control  piston  ring  chipping  was  not 
observed  in  this  laboratory.  The  objective  of  eliminating  or  substantially 
reducing,  the  injector  nozzle  hole  enlargement  was  achieved  by  the  use  of 
cyclohexene  oxide  halogen-scavenger  in  the  fuel.  No  additive  was  effective 
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in  eliminating  injector  valve  sticking.  The  accelerated  cylinder  liner 
wear  was  retarded  briefly  by  the  use  of  a low-volati 1 ity  expoxide  halogen 
scavenger  in  the  crankcase  lubricant;  however,  accelerated  wear  occurred 
when  the  halogen-scavenging  capacity  was  consumed.  Hence,  the  use  of  such 
oil  additives  is  not  recommended. 

More  than  100  hours  of  operation  was  achieved  with  a multi-cylinder  diesel 
engine  (V6-155)  using  BCM  FSF  plus  0.5’u  cyclohcxene  oxide;  however,  these 
results  provide  no  assurance  that  the  AVDS  1790-2C  engine  could  complete  the 
previously-sought  400-hour  mission  profile  cycle.  The  results  only  offer 
promise  of  satisfactory  short-term  operation  with  BCM/cyclohexene  oxide  FSF 
before  injector  hole  enlargement,  injector  valve  sticking,  or  accelerated 
wear  may  cause  engine  failure.  Accordingly,  use  of  this  fuel  in  combat  should 
only  be  considered  for  limited,  special,  emergency  operations.  "No-go"  posi- 
tions are  recommended  for  general  combat  utilization  and  further  applied 
research  and  development  on  BCM  FSF. 


1.  INTUOnUCTION 


K7icn  Army  tactic.il  vehicles  and  other  equipment  are  subjected  to  incen- 
diary ballistic  attack,  they  are  very  vulnerable  to  fire  and  explosion.  In 
the  case  of  fires  caused  or  intensified  by  fuel  release,  fire  vulnerability 
reduction  can  be  achieved  by  the  use  of  fire-safety  fuels.  Various  fire- 
safety  fuels  have  been  investij^ated  by  the  Army  and  other  agencies  in  the  past, 
primarily  for  the  purpose  of  decreasing  the  frequency  and  intensity  of  air- 
craft in-flight  and  post-crash  fires.  The  approaches  have  included  non- 
revcrsible  fuel  gellation,  use  of  semi-rigid,  but  pumpahle,  fuel  gels  and 
aqueous-external -phase  fuel  emulsions,  and  use  of  organic-polymer  antimist 
agents  in  very  low  concentrations.  However,  the  Army's  need  for  a low- 
vulnerability  combat  fuel  necessitated  a shift  in  Army  Rf,D  emphasis  to 
investigations  of  diesel  fuels.  A candidate  "fire-safe  fuel"  fFSF)  formula- 
tion comprising  Sv°8  bromochloromethane  (BCM)  in  DF-2  diesel  fuel  (BCM  F.SF) 
demonstrated  promising  fire-suppression  results.  Accordingly,  a full-scale 
engine  test  was  authorized  by  MF.RADCOM  to  be  conducted  by  Teledyne  Continental 
Motors  (TCM)  under  the  direction  of  the  M60  Project  Manager's  Office.  The 
objective  of  this  test  was  to  determine  the  effects  of  BCM  FSF  on  the  perfor- 
mance and  endurance  of  a 12-cylinder,  air-cooled,  four-cycle  diesel  engine 
(AVf)S  17PO-2r)  when  operated  in  a laboratory  under  the  400-hour  mission  profile 
cycle.  An  engineering  work  directive  was  issued  on  1 .July  1975  by  the  M60 
Project  Manager's  Office  detailing  the  test  procedures  and  conditions.  On  that 
date,  a conference  was  held  to  review,  modify,  and  finalize  the  detailed 
requirements  for  this  engine  endurance  test. 

IVhen  the  engine  test  was  initiated,  the  performance  and  exhaust  emission 
characteristics  were  documented  when  using  conventional  PF-2  diesel  fuel.  The 
power  curve  and  speed/load  survey  were  then  completed  while  using  BCM  FSF,  and 
the  engine  was  stopped  and  allowed  to  cool  prior  to  conducting  exhaust  emission 
measurements.  hTien  restart  was  attempted,  the  first  mechanical  failure  in  this 
test  was  encountered.  The  engine  would  not  start  because  the  metering  sleeves 
on  both  plunger  rods  of  the  fuel  pump  had  seized.  An  alternate  fuel  pump  was 
installed,  and  the  test  was  continued,  with  difficulty,  for  a total  of  about 
150  operating  hours  on  BCM  FSF  (including  the  preliminary  performance  checks). 
The  termination  of  the  test  in  November  1975  prior  to  the  targeted  400  hours 
stemmed  from  repeated  mechanical  problems  which  had  depleted  operating  funds 
and  created  a potentially  serious  environmental  pollution  problem  for  TCM 
because  of  excessive  black  smoke  emissions. 

It  is  the  purpose  of  this  report  to  describe  the  activities  involved 
in  the  assessment  of  this  engine  test  failure,  to  document  the  corrective- 
action  research  program  that  followed,  and  to  present  conclusions  relative 
to  the  overall  efficacy  of  BCM  F.SF  that  were  developed  by  the  end  of 
September  1976. 
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II.  CORRECTIVr  ACTION  PROORAM 


A.  Assessment  of  AVDS  1790- 2C  Failure  Modes 

Two  members  of  AFLRL  staff  ami  a representat ive  of  Army  Materiel  Systems 
Analysis  Activity  (AMSAA)  visited  TCM  to  witness  engine  disassembly  and  per- 
form a preliminary  inspection/rating  of  the  AVPS  1790-2C  engine.  Subsequent 
to  this  disassembly  inspection,  a meeting  of  the  FSF  Working  Group  was  held 
at  MERADCOM  to  further  assess  the  results  of  the  endurance  test  and  to  plan 
additional  steps  for  overcoming  the  observed  problem  areas.  In  addition  to 
the  foregoing,  the  Coordinating  Research  Council  (CRC)  Army  Combat  Engine 
Fuels  and  Lubricants  Group  met  at  TCM  and  conducted  another  detailed  inspec- 
tion of  engine  parts. 

In  brief,  the  aforementioned  groups  identified  the  following  problem 
areas : 


• Oil-control  piston  ring  (severe  chipping  of  chromium  plating). 

• Injector  pump  plunger  rods  (seizure). 

• Fuel  injector  nozzle  valve  stem  deposition  and/or  corrosion  (sticking) 

• Fuel  injector  nozzle  tip  holes  (enlarged). 

• Fuel  clogging  (excessive  pressure  drop). 

Manifestations  of  some  of  these  problems  were: 

• Excessive  sludge  in  oil. 

• Copious  black  smoke  production. 

• Tacky,  sooty  deposit  on  pistons  and  in  oil  sump. 

• Substantial  increase  in  blowby  rates. 

• Piston  skirt  scratching  and  metal  imbedment. 

• Degraded  power  performance. 

Based  upon  the  on-site  inspections,  it  was  not  possible  to  assess  the 
modes  by  which  the  observed  failures  occurred.  Hence,  priorities  of  the  AFLRL 
FSF  research  program  were  reoriented  toward  identification  and  amelioration 
of  the  causes  of  the  above-described  problems. 

1 . Oil-Control  Piston  Ring  Failure  Mechanism 

2 

A scuffing  mechanism  was  suggested  by  the  ring  manufacturer  for 
the  oil-control  piston  ring  failure,  but  this  does  not  appear  to  be  the  same 
mechanism  for  the  ring  examined  by  AFLRL.  The  following  evidence  developed 
by  AFLRL  indicates  a corrosive  mechanism  for  the  piston  ring  failure. 

a.  No  scuffing  was  evident  on  the  chromium  plating  not  yet 
chipped  off  of  the  piston  ring  (Figures  1 and  2)*. 

•Complete  hardness  traverses  of  the  chromium  plating  on  both  the  "failed" 
and  the  control  piston  rings  showed  the  hardness  to  be  fairly  consistent 
through  the  plating  thickness  of  both  rings. 
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h.  ThtTC  was  evidence  of  corrosion  debris  in  some  of  the  inter- 
j'ranular  cracks  in  both  the  chromium  plat  inn  and  in  the  cast 
iron  substrate  (Figures  >,  d,  arul  S). 

c.  No  significant  dilution  oF  crankcase  oil  with  raw  Fuel  wa«; 
evident  by  AFI.Rl,  analysis  of  u‘;od  oil  samples  (Table  1). 

d.  The  ratio  of  Cl  to  Br  in  the  crankcase  oil  was  less  than  in 
the  raw  fuel,  indicatinp  that  much  of  tl-.e  halopen  content  of 
the  oil  stemmed  from  blowby  products--not  raw  fuel  (Table  1). 

a 

The  rin<’  manufacturer's  metal lurpical  analyses”  indicated  that 
scuffing  was  the  primary  cause  for  the  ring  ‘^ailure  and  metal  transfer.  This 
suyrested  that  overfueling  may  have  washed  lubricant  off  of  the  cylinder  walls. 
However,  the  i'iston  rint’  inspected  at  AFI.RL  showed  no  evidence  of  such  scuffinp. 
In  essence,  however,  both  the  manufacturer's  analysis  anil  the  AFI.PL  anal\sis 
could  he  correct  since  tlie  investigations  used  comjioncnts  from  different 
cylinders  of  the  same  engine. 

Subtasks  conducted  by  AFTRI.  as  part  oF  tliis  ring-failure  assessment 
included  analyses  of  used  crankcase  oil  and  examination  of  used  oil  filters 
(and  analysis  of  the  sludge  contained  therein).  Analyses  were  also  cotulucted 
on  deposits  obtained  from  varjous  locations  on  a tvnical  used  piston  from  the 
AVnS  170n-2C  engine  BCM  FSF  endurance  test.  The  results  of  these  analyses, 
presented  in  Tables  2 and  .1,  did  not  provide  a clear  cut  definition  as  to 
the  failure  modes  stemming  from  the  use  of  FSF.  Hue  to  the  short  term  usaee 

of  the  lubricant,  problems,  such  as  the  asphaltic  deposits,  had  to  be  attri- 

buted to  the  acidic  components  generated  by  the  combustion  of  RfM  FSF. 

2.  Injector  Pump  Metering  Plunger 

The  following  statements  relative  to  the  iniector  plunger  were  pro- 
vided by  the  SwRI  metal  hirgi sts : 

"A  discolored  band  was  evident  on  the  cvlindrical  surface 
of  the  plunger.  Figure  (i(a).  This  band  consisted  of  a tightly  adherent 
surface  film  and  could  not  be  removed  by  swabbing  with  acetone. 

A qualitative  microprobe  analysis  of  the  dark  tones  on 
each  of  the  parts  was  performed  and  the  results  are  presente  in  Table  1. 

The  analyses  were  performed  for  the  various  elements  conta'  ’d  in  the  fuel 

additives.  In  each  case  significant  quantities  of  calcium,  sulfur  and 
ciilorine  were  detected. 

The  surface  topography  of  these  parts  was  also  examined 
in  the  scanning  electron  microscope  (SHM) . Tn  the  case  of  the  pintle 
(Figure  6(b)],  no  evidence  of  attack  of  the  surface  was  apparent  in  the 
dark  zone  and  the  microscopic  features  indicated  tlie  presence  of  a loose 
deposit.  Figure  7(a),  Pistinctly  different  topographic  features  were 
noted  between  the  dark  zone  and  clean  surface  on  the  nlung.er  as  shown 
in  Figures  7(b)  and  7(c).  Within  the  dark  zone  the  surface  was  rough 
and  pitted,  suggestive  of  corrosive  attack. 
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I AHl  I,  1 SP1.(  lAL  ANAI  YSl  S Of  (Jll  SAMPl.hS  f ROM 
AVDS  l7‘Hi  :c  t,N(ilM  PSI-  hNDUKANCP  I tSl 


Sample  Designation 
(date) 


Strong 
Aeid  No, 


lotal 
Asid  No. 


Fuel  Dilution 
(%  Fuel  hy  (i  C 
±0.7  I 


Halogen 
Content 
( wt  'x  ) 


a m 


New  Oil^ 

No  2/(31  Oct  l‘)75|'’ 

No  3/(0  Nov  1075)^’ 

No  4'(  7 Nov  1075  )^ 

Final  drain '(25  Nov  1 075 1 


1 .07 


0.(i3 


0.H7 


0,0 

0.4 

0.1 

0.2 

0,5 


0 2 
0.5 
0 0 
0.0 
0 0 


0.0 

1.5 

1.5 

1.5 

1.4 


^lligli  Have  Oil 

'’Nds  2.  .'.  and  4 trum  same  nil  I'ill 


I AHI  h X RAY  f-LUOKI-SC  LNC  h ANALYSIS  OF  AVDS-IT^-X 
HN(.1NL  Oil  and  OIL  Mni.R  RLSIDDH 


Sample  Description 

Duration  of  Fxposure 
ot  Sample  to  FSF  in 
Operating  Engine 
( III:  Min  I 

Duration  of  Engine 
Operation  on  FSF^ 

Kelalive  Elemental  Cone  ^ (Eraclion 
of  Total  Peak  .\rea|'' 

(Hr  Mm) 

AL 

a 

s 

— 

Cl 

(a 

Ee 

Br 

Oil  Filler  ( IO-2H-75) 

21-57 

21:57 

0.01 

0 00 

0 1 1 

0 04 

0.16 

0 1 1 

0.5S 

Oil  Filter  till  7-75) 

.M  45 

146.42 

0.01 

0 00 

0.10 

0 03 

0.14 

0 15 

0.S6 

Oil  Filtei  ( 1 MS-751 

7,45 

154.27 

0.01 

0.00 

0.08 

0.03 

0.15 

0 15 

0,58 

No.  : Oil  ( lO-.M  75) 

1 40 

55:37 

0.01 

ooo 

0.10 

0.03 

0.12 

O.OK 

0.(,7 

No.  5 Oil  ( 11-6-75) 

23:55 

77:52 

0.01 

0.00 

0.12 

0 04 

0.15 

0 07 

0 61 

No  4 Oil  ( 11-7-75)*^ 
Final  Oil  Diaiii 

34  50 

SS:47 

0.01 

0.00 

0.10 

0,04 

0 13 

OOH 

0.64 

1 1 1-25-75) 

13:35 

168:02 

0 01 

0,00 

0.12 

0 04 

0.14 

U 07 

L- 

0.62 

‘‘ImieN  calculated  from  I og  Sheet  Summary  in  CRC  Project  C'l)17-74  Minutes  (unconfirmed)  (Appendix  D-l ),  correcting  tiUal  durationv 
for  1 Sf  i>perations  on  I 7-20  October  and  23  October  1975  and  for  operation  on  neat  fuel  on  3 November  and  31  November  1975 
^Pfiotos  of  all  X-Ray  spectra  are  on  file 

^Values  are  relative  peak  areas  and  do  not  take  into  account  response  (actors.  Concentration  can  be  compared  verticailv  only,  not 
hon/ontally 

‘^Nos  2.  3.  and  4 were  from  same  oil  fill 
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Sjinpli'  Dcsv riplioii 


Ueposil  Condition 


Relative  tdemenlul  ( one/'  (1  laeimn 
ot  lolal  Peak  Aiea)^ 


Cl  Ca 


Hack  ol  Oil  RingCiioove  Tacky  Asplialtic  Appcaring  Suh- 

stance  GO.) 

I op  Side  ol  Oil  King  {.roove  Very  lacky  Aspliallic  Appearing 

Substance  004 

l and  No  4 (Next  to  Oil  Ring  (iriKivel 

Asphaltic  Apix’aring  Substance  0 04 
l.and  So  4 Maid,  Slightly  Asphaltic 

Appearing  Substance  U 04 

I and  No.  2 Maid  ( rystalline  Substance  0 02 

1 and  No  I Very  Hard  Substance  0 02 

Piston  C rown  Deposit  0 01  I 0 00  I 0 24 


l.and  No  4 


0.07  0.2'i  t)  12 


0 00  0 2"’  0 05 


0 oo  0 27  tl  I 5 


rholos  ol  all  \ kjy  spcclia  .ire  on  lilc 

.lines  me  lelalive  pe.ik  .ireas  and  do  noi  take  into  .iceouni  response  laslois  ( onseiilraiion  e.in  he  e.>mp.iied  ii  rlualh  mitv . IVM 
tiofi/oniallv  Oil  tiller  sjiiiples  can  he  compared  lo  deposits  on  an  .ipprosiniaie  liasis 

Mnside  surlaces  of  ring  show  much  higher  1’  ( I.  S.  Hr.  t'a  compared  to  oulside  siirlaccs  I he  trie  ratio  was  Ineher  on  inside  snil.nes 
compared  lo  outside 


' h i mill 

I I 'Ill  l(  1/  h \l  inn  i i.  <i 

lu  nil 'III  \i  (I  i>iiii 
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IS 


1 \m  I,  4 \11(  ROI’ROBh  ANALYSIS  OL 
I>I.I'N(;LR  AM)  PINTLL 


llonR'iii 

Peak;  Hackgnmnd^ 

Pintle 
I IP 

Deposit  on 
Pintle  Hotly 

Dark  Hand 
on  Plunger 

M)'’ 

M) 

c 

li.i 

M) 

M) 

Nl) 

Zm 

M) 

\D 

\D 

C.I 

intHi  i:5(l 

5.5(K)'.1550 

.5000  1 4.50 

S 

■'50  :.^.s 

I I 5(.  240 

loo  1 07 

f’ 

M) 

M) 

7 1;. 50 

Hi 

Nl) 

M) 

Nl) 

(1 

5(i(.  :i4 

50()(l  .575 

lOlO  170 

Nolcs 

‘*<  ounts  in  Nt\  . I 0 5 y 10  ’ .imps 
*'M)  N..1  ili-lcclcd 

^ My  prcIcrentKilIy  located  within  pits  PH  .^60  93 
fi»r  TcdiKcd  area  scan. 
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A lonr  i tud  i ii.T  1 nota  1 1 oc  r.'in't  i c Si'ctioi)  wa*;  filt'D  t'lrnurh 
tlio  dar^  ;nnr  o*'  the  iilunj'or.  Ixnninatinp  o'"  t'lis  «;c''-tion  re\'c>  1 ('(' 
derinitc'  pittin"'  tlie  surface  withir  f'le  I'ar^  zone,  u'’' i 1 e tho  surface 
r'rofile  .at  t)ie  clean  zone  was  e.xtrerely  flat  and  sino(->?h  (see  fi'aivo  S'. 
Those  n'eta  1 1 oyranli  i c features  torether  w i t:i  th'^  ^ine-scale  topecranhy 
observed  in  tlie  .Sl.M  examination  are  definite  evidence  t'rat  the  darb  band 
on  the  nluni’er  is  the  result  of  corrosive  attacl  . It  shoull  be  noted 
that  both  sulfur  and  chlorine  were  o-resrpt  in  sipnificant  nrounts  within 
this  zone  of  tl^e  plunt’er.  1 ither  of  these  el'^ments  coni  ' cause  corro- 
sive attack  of  the  plunrer." 

T.  Iniector  Nozzle  I’alve  Stem 


Tlu'  darl  area  on  the  pintle  was  found  to  >ie  acetone  soluble,  and 
Swf’I  neta  1 lurci  sts  saw  no  evidence  of  corrosion  fl'inire  Tfb)].  \s  in  the* 
case  of  the  iireviously  discussed  enpine  parte,  si  eni  *^i  cant  ouantities  of 
chlorine  were  present  in  dark  zone  on  the  nintle  (see  'la'^le  A). 

1 . Iniector  Nozzle  Tip  Hole  bn larpement  kffects 

All  of  the  ei'dit  *ioles  in  each  of  the  two  iniector  noz’les 
examined  by  SwRI  metal  lur.ei  sts  showed  diameter  increast's,  ranninr,  from  two 
holes  with  a 2.S”  increase,  to  two  holes  with  a 11'’“'  increase  (fd'’U’-es  n and 
1^). 


I'hotomicropraphs  of  the  cross-section  of  the  lamest  versus  smallest 
hole  in  a used  nozzle  revealed  intripuine  natterns  (Tinure  111.  Both  showed 
no  enlarpement  of  the  hole  entrance.  The  lamest  demonstrated  a "belliny" 
shape  similar  to  that  which  is  characteristic  of  a trunr>et.  I!ov.e\'or,  the 
smallest  indicated  only  slipht  enlamement  of  the  'lole  outlet,  but  substan- 
tial enlargement  between  the  inlet  and  outlet.  A second  nozzle  was  examined 
in  the  same  manner  to  confirm  the  eeneralitv  of  these  oBservat  i o?is . Signi- 
ficant quantities  of  ch lori ne-contai n i np  deposits  wer('  present  within  the 
nozzle  tip  holes  (Table  .">1.  Such  debris  is  visil'le  in  Fi-uire  1".  Micro- 
hardness  traverses  of  the  tip,  and  tlie  wall  of  the  two  nozzles  showed  the 
hardnesses  of  each  to  ho  approximately  the  sane.  lio'.vever,  the  microstruc- 
tures of  the  two  were  different.  Since  analyses  s'lowed  the  cosines  i t ions 
to  be  about  tlie  same  (Table  bj,  these  mi  crostructiira  1 d i f ‘‘erences  probably 
sterrmet'  from  differing  thermal  histories  of  the  two  nozzles. 


Rather  than  only  attributin'’  the  previ  ons  1 y-nent  i one  ' excessive 
smol e emissions  to  nverfuelin"  because  of  nozzle  hole  en ! ascement , an 
alternate  explanation  could  lie  in  the  influences  o'"  r''i'  nonuni '"orm  nozzle 
iniector  tiji  hole  enlarpenient  on  spray  .Icns'ty  ntid  di  stri  but  i or . Ficure  IS 
illustrates  clianpes  that  occurred,  in  the  snray  patterns*  of  a tvpical  nozzle 
from  the  AVHS  17''0-2C  eni'inc  F.SI  endurance  tes.t  after  il  out  Se  hours  ex'io- 
sure  to  BfM  FSF  Cwitli  overnipht  shut  ilowns ) . These  revea ' stibstanlial 
decreases  in  spras’  penetration  with  attendant  increases  in  snru -droplet 


‘Taken  usinp  tlie  AFI.RI,  li(|iiid  injection  tec'iniiuic.  This  method  of  spray 
analysis  utilizes  a cle.ir  lic]uid,  such  as  kerosene,  .is  the  injection  media 
rather  than  a comiiresscd  ras,  tlius  eliminntini’  tlu'  resultant  fuel  fop.  It 
has  been  proven  effective  as  a means  of  obsarvin!’  relative  differences  in 
spray  patterns. 
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concent  rat  i ons  in  the  near- v i cini  tv  of  the  nozzle.  nu";e  effect*;  alone 
coiilJ  result  in  poorer  fuel-air  nixinj’,  di  ni  n i s'lec'  coni’istion  (■'’^i  c i encv , 
anil  substant  i a 1 I V increasoil  suhiI  e eini‘;sM>ns. 

!i.  Uverall  ^ssessnent 


'Iho  conclusions  drawn  by  the  Sw'’I  r e t a 1 1 ur''i  s ts  on  the  hnsis  of 
these  observations  are  sunnarized  as  follows: 

a.  The  failure  of  the  piston  rini  was  associated  with  no  iniierent 
pl.atin",  defects. 

b.  Failure  of  the  piston  rin"  provide<i  to  AFI.llI.  occurrc'l  by 
intergranular  cracFini'  of  the  chron'ieit  platinp  an^  subse- 
quent loss  of  chips  of  the  platinp.  The  met  a 1 loeraoh i c 
features  of  the  craclinp  are  comoatil'le  with  failure  due 
to  inadequate  lubrication,  but  the  nossi 'n  i j tv  of  stress- 
corrosion  cracking  due  to  a contaminant  cannot  he  ili  scountei! . 

c.  Significant  amounts  of  chlorine  were  present  in  the  dark 
zones  on  the  injector  pump  pluneer  and  iniector  nintle  and 
in  the  deposits  present  in  the  iniector  tip  holes  (see 
Tables  4 and  S). 

d.  The  mechanism  of  enlaryoment  of  t'e  iniector  tip  holes  was 
not  definitelv  identified,  but  it  is  most  li'ely  that  the 
metal  loss  occurred  as  the  result  o'"  corrosion  ntlvr  than 
by  erosion,  possibly  duriny  eneine  shut-down  peeinds. 

e.  The  dark  band  on  the  iniector  nump  plunder  de'^initelv  resulted 
from  corrosive  attack. 

B.  Plan  for  Correction  of  Hardware-Fuel  Incompatibility 

The  flow  chart  presented  in  Ficure  14  was  developed  to  place  the  various 
aspects  of  the  AkTif-  l'’'tn-2c  hardware- fue  1 incompatibility  problem  in  proper 
persoect  i ve . For  the  MI.PAl'thhM/AFI.RI,  corrective  action  proora**',  tasVs  T-‘i 
and  11-12  were  selected  ^or  i n vest i "at  ion  (where  th"  numbers  correspond  to 
those  shown  in  Fiyure  14  under  "Task  No.").* 

r.  (!orrosion/l.ubrici  ty  Studies 

Because  of  the  identified  role  of  corrosion  in  the  failure  of  the  A\T'f 
17‘)fi-2('  engine  endurance  test,  an  accelerated  corrosion  test  was  developed 
to  facilitate  screeninp  o<"  corrosion  inhibitors  an.'  allovs.  This  was  in 
aj’reenent  with  one  of  the  recorimendat  i oiv;  made  bv  t'-e  Armv  Scienti'"ic 
’dvisory  Panel  Ad  Poe  Troup  on  Fire-Sa''e  Fuels.  ’ This  laborntorv  test  pro- 
cedure utilized  the  "lassware  speci‘*ied  ‘‘or  Ab'P'  an  o-i  'at  ion  test  for 


*Task  No.  4 was  not  selected  because  it  was  learned  that  the  A\T'?k  I’^o-Jf 
nozzle  vendor  conducts  proof-tests  o^  nozzles  at  twice  the  maximum  rated 

flow  rate  without  seeinp  evidence  of  corrosion.  This  is  hydrodynamical ly 
equivalent  to  doubling  the  fuel  density;  hence,  erosion  should  not  be 
expected  because  of  the  more  dense  fuel. 
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turbine  oils,  hut  the  procedure  was  nodifird  to  oir>j''nsi  zo  corrosion  condi- 
tions. A 30D  ml  sample  of  fuel  or  oil  was  placed  in  the  test  cell  which 
contained  a nitropen  delivery  tube  and  was  covered  by  a condenser.  Idle  test 
coupon  washers  were  attached  to  the  nitropen  delivery  tid'c  with  nylon  strine. 
The  assembly  then  was  placed  in  an  oil  bath  controlled  at  ldS°f'  (27.'“F). 
Nitro.pen  was  bubbled  throuph  the  delivery  tube  at  about  '-1^2  liters  per  hour 
to  keep  the  fuel  stirred.  The  test  was  continued  for  a period  o^"  f>  hours, 
after  which  the  test  coupons  were  removed  and  examined  for  evidence  of  corro- 
sion. The  above  test  conditions  were  developed  by  trial  and  error  until 
differences  between  diesel  fuel  and  Bf’*  "fire-safe  fuel"  could  be  observed. 

Tor  more  pronounced  distinction,  5f>  ;)pr  IKil  was  added  to  tlie  fuel  or  oil 
that  was  heinp  evaluated. 

Four  test  cells  were  available,  enablinp  four  f>iel  and/or  metal  samples 
to  be  evaluated  in  one  day  for  corrosion  effects.  An  attempt  was  made  to 
quantitate  the  corrosive  action  durinc  the  test  by  weiphinp  the  coupons  before 
and  after  each  test.  Normally,  weipht  rains  were  o^^served  (alonp  with  corro- 
sion) resulting  from  the  formation  of  iron  chloride  on  the  metal  surface; 
however,  these  very  small  weipht  chanpes  wore  not  quantitatively  repeatable. 
Therefore,  weip,hing  of  the  test  coupons  was  discontinued,  and  results  wore 
reported  as  "no  corrosion"  or  various  cleprees  of  corrosion,  i.e.,  light, 
medium,  or  heavy  corrosion.  In  some  cases,  onlv  staininp  was  observed 
which,  upon  exposure  to  air,  could  become  a rusted  area  overnight. 

I.xtensive  screeninp  with  tliis  proceilure  revealed  that  many  substances, 
including  conventional  fuel  or  lubricant  corrosion  inhibitors  (Table  7), 
were  ineffective  for  preventing  corrosion  liy  BC”  FhT  containing  traces  of 
hydrochloric  acid  (llCl).  Results  of  tI^ese  tests  arc  summarized  in  Table  8. 
Although  the  list  of  candidate  inhihitor<;  shown  in  Table  does  not  indicate 
it,  many  suppliers  and  users  of  such  materials  were  canvassed,  and  the  listed 
materials  generally  rejircsent  "best-choice"  recommendations. 

Hne  class  of  compounds,  namely  e]ioxidcs,  was  found  to  he  generally 
effective  as  Mfl  corrosion  inhibitors.  Sucli  compounds  are  believed  to  he 
so  effective  because  they  form  ch  1 orohydri ns  and  therein-  consume  llf'l 
without  forming  a salt.  An  inhibitor  candidate  ‘'rom  anotlier  class  of  com- 
pounds referred  to  as  substituted  i mi ilazol i ncs , appeared  promisin'  at  low 
concentrations.  However,  it  was  found  tlint  at  bigber  concentrations,  this 
compound  (Amine-0)  promote'!  corrosion  even  when  no  llfl  was  added  to  HCM 
FSF.  (This  observation  was  also  encountered  in  the  F.P-7  single-cylinder 
laboratory  engine  tests  discussed  elsewhere  in  this  report.)  No  other 
inhibitor  candiilates  studieil  showed  any  promise  for  preventing  corrosion 
by  HCl  in  BCM  FSF. 

In  addition  to  the  aforementioned  corrosion  test  procedure,  fuel,  new 
oil,  and  used  oil  samples  from  Cummins  engine  8n-hour  tests  (not  fi Itercd) 
were  also  evaluated  for  "lubricity"  using  the  4-hall  tost  (ASTI  P-226b). 

The  results  of  these  steel-on-steel  ([,-S21on  grade  2SI;P)  wear  tests  arc 
presented  in  Tables  9 and  10.  These  data  indicated  that  the  presence  of 
cyclohexene  oxide  or  cpoxidlzed  soybean  oil  in  tlic  lubricant  couhl  he 
beneficial  for  reducing  wear  in  the  presence  of  BCM  combustion  products 
until  its  halogen  scavenging  capacity  is  depleted,  effects  on  lubricity 
of  the  additive  designed  for  use  as  the  halogen-scavenger  ingredient  of 
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Iliiih  MVV  Mibsimitoii  imida/olinc. 

High  MW  Mibstiliik’il  miida/iilino. 

!. 

.!( 3 \ciio\\  I 1 .1  expoxy  propano  (.' 

:X) 

4. 

\mino  surlace-active  agom 

hpoxidi/od  soybean  oil  liom  lliiec  suppliers. 

(i. 

hpoxidi/ed  linseed  oil. 

7. 

C’yeloliexene  oxide. 

S. 

I’ropylene  oxide. 

.Approved  corrosion  inhibitor  Ml  L I 

:5()i7. 

10. 

Approved  corrosion  inhibitor  Ml  1.4 

:5()i7. 

II. 

1 ributyl  amine. 

i:. 

Ltliylene  diamine. 

13. 

Approved  corrosion  inhibitor  Mil  1 

2.SOI7. 

14. 

Approved  corrosion  inhibitor  Mil.  1 

25017, 

I.S. 

Kpoxide  type. 

U). 

A /onc  salicylate-base-inhibitor  lor  MIL-L-21  2('0H  preservative 
oil. 

17. 

MIL-L-21  2bUH  preservative  oil. 

IK. 

Ben/otria/ole. 
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Mli>)s  A B 1.2.  ^.  4 ami  5 aio  not  dlleclcil  by  5"  B(  M I SI  or  by  cnjiiiio  ltihui;atiiig  oil  ( Icxa^o 
Ibsa  1 A ' S Al  U)K  oiilaining  5'V  B(  M 

Alims  A B 2.  .V  4 ami  .“s  ate  ailaskml  by  5'”  B(  M I Sb  coi'.lamiiig  5(1.  KKI.  or  20U  ppm  IICI 

Alloy  1 shows  no  to-sligbt  allask  by  S'"!  B(  M 1 SI  s onltnning  50  oi  100  ppm  IICI 

AlU'ys  A ami  B aio  pii'leOcil  Itom  allask  b\  50  ppm  IICI  m 5'"  BC.V1  f SI  soiiiaitimg  0 I'f  and  0 ,VT 
Amine  ()  bill  aie  Milnciablc  to  allask  in  5'?  B(  M 1 SI  suntaining  U 5'i  Amine  ()  and  0 lo  2(K)  ppm 
IK  I 

Alloys  2 and  .?  I I.  4.  and  5 not  rested)  are  fnoleeted  Irmii  allaek  b\  50  ppm  MCI  in  5'”  B(M  I SI 
eonlaining  O'  AnimeO 

Allo\s  A and  B are  iiol  protected  Irom  attack  by  50  ppm  IICI  m 5'4  B(  M I Sf-  containing  0..V^ 
liibiily  lamine.  and  copious  s|uanlilies  ol  blask,  water-soluble  deposits  aie  toimed 

Allovs  A B 1 . 2.  4.  and  5 are  protected  Jiom  altask  by  up  lo  ai  least  400  ppm  HCI  m 5'J  B( M 

l-Sl  eonlaining  I'.'f  cyclohexcne  oxide  (up  to  al  least  50  ppm  IICI  m 5'J  BC.M  FSf-  containing  0 
cyclohexene  oxide ) 

Alloys  A and  B ate  not  protected  Itom  attack  by  50  ppm  HCI  m 5'i^f  BC  M I SI  containing  the 
(ollowing  coiiitnercially-available  corrosion  i.ihibiiors  al  a concenlialion  ol  0 5'^ 


I01..AD  245 
lOl.Al)  24(r 
I'NK OR  J 
IIHI.(  1-515 
111  ! l-,(  1 5X0 
I.  I IPI 


.Alloys  A and  B are  mu  protected  from  attack  by  50  ppm  HCI  m 5*^  BCM  FSF  saturated  with 
ben/olria/ole  (this  compound  rs  essentially  insoluble  in  IK  M FSF) 

Alloys  A and  B are  attacked  by  50  ppm  HCI  in  5'7  IK  M m lubricating  oil 

Alloys  A and  B are  protected  liom  attack  by  50  ppm  HCl  in  5'"  B(  M in  lubiicating  oil  containing  l'7c 
cyclohexeiie  oxide 


M 2 Sled 
.S2KI0  Sleet 
llastelloy  X 
Hasleltoy  Nt*  ( -27f> 
Haynes  No  2.5 
Haynes  No  IXX 
Haynes  No  fiH 
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Saotple 
( UMtilteri.‘d  1 

I olal  .Aenl  No., 
mg  kOH  g 

New  Oil*' 

l.« 

New  Oil  3 50  ['prii  MCI 

N A 

New  0)1  + O .S','?  niU 

14 

New  Oil  + ().5'/T  Amine-O 

1.0 

('uinmins  No.  1 Dram  Oil 

13  7 

Cuminins  No.  2 Drain  Oil 

Hr  4 

Ciimmins  No.  2 Drain  Oil 

+50  ppni  HCl 

17  4 

Cunmnns  No.  2 Drain  Oil 

+ 2.0'';  Molyvan 

18  2 

Cunimlns  No.  2 Drain  Oil 

+ 0 5';;  ( HO 

13.0 

Ciiinmins  No.  2 Drain  Oil 

+ 2 O'!  ( HO 

8.0 

Cuininins  No.  2 Drain  Oil 

+ 0 S'/l  Ainine-O 

15.4 

Cuininins  No.  5 Drain 

1(1.5 

C'unmiiiis  No  Idrairi  * 2'/!  ( HO 

Ml  LI, -2 1 2(rOH  (Preservative  Oil) 

Mll.  L-2 1 2('01i  (Preservative  Oil) 

+ 100  ppm  HCl 

Cuininins  No.  5 Diain 

+ 2.5'/f  Luhri/ol  1 1 (i  1 

15.3 

Ciininiins  No  5 Dram 

+ l.iihri/ol  1 l(i  1 

15.5 

1 

Seal  Di.iinelfi 
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Siiiiiplf 

No 

Huid 

Viscosity 

Scar  Diameter 
(mm) 

Vc»v  Oil 

l‘‘ 

New  Oil^ 

133 

0.46 

a;i 

New  Oil  + 57.  I>X-800(I  SO|* 

132 

0.37 

New  Oil  + 57  l'X-800(hSO)  ^ 

50  fipm  IIC'I 

133 

0 38 

4" 

New  Oil  V 57  l’X-800(l'.SOl  ♦ 

100  ppm  11(1 

133 

0 37 

L’svJ  Oil 

Total  Acid  Niimher 

Scar  Diameter. 

mg  KOH  g 

mm 

5 

( uinnims  No.  .3  Drain 

1(1  5 

0 0| 

f) 

( ammms  No  .)  Drain  1 57 

I’XSIKMISO) 

O.K 

0 62 

7 

Cumniins  No,  3 Drain  + 57 

Kronox  S ( E-.SOI 

‘)(r 

0.65 

14  run  in  totroMon  rig  ai  135' C 

(275'Tllor  5 hours  prior 

lo  viscosity  and 

juhnutv 
^'MI!  1 

fe\is 

Mm4<  . SM  30 

‘ J pi»xiUi/cil  soybean  oil  (I  SO) 

1 

I 
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'■lIL-I.-fl  2('r>P  "npmt  i on.'i  1 -pro<;orv.')t  i vo"  lubricant  wore  ovnluatfd  (as  were 
tlio<=c  of  tl'.c  preservative  oil  itself).  These  conventional  corrosion  inhi- 
bitor fluiils  liid  nof  s i 'Ml  I f i ermt  i y influence  the  tvear  scar.  Althoiiph  it 
is  recornizei  that  the  wear  sc.ar  cannot  be  related  directly  to  observed 
wear  in  an  enpine,  it  was  felt  that  the  test  mipht  satisfactorily  indicate 
t rentis . 

Table  in  shows  the  effect  of  epoxidized  soybean  oil  (ISO).  ^ucb.  sub- 
stances are  used  conrerc i a 1 1 >•  as  haloper  scavengers  in  plastic  nanufac- 
turinp  processes.  The  upper  portion  of  tlie  table  shows  the  results  obtained 
when  r.Sn  is  added  to  a new  cranlcase  lubricant.  Tliese  particular  sanples 
liad  becMi  previouslv  subjected  to  the  ATI, PI,  accelerated  corrosion  test  fi.e., 
heated  at  la!i“C  (?7r'°l')  for  b hours)  to  deternine  whether  they  would  cause 
corrosion  or  produce  ileleterious  lubricant  effects,  such  as  an  increase  in 
viscosit)'  or  increase  i !i  wear.  The  results  show  no  chanee  in  viscosity  and 
sor;e  slight  increase  in  lubricity.  It  sliould  be  noted  tliat  F.SO  reduced  the 
acid  nunber  of  t’u'  used  oil  am!  si '’ni  f icant  ly  reduced  the  wear  observed  in 
the  )-ball  test  with  the  used  oil. 

n.  t'-npine  Pcrformanco/Comnat  ibi  1 i ty  Investigation 

\ series  of  enrine  tests  was  conducted  to  evaluate  the  "fixes"  that  were 
dcvelojied  for  the  problem  areas  that  surfaced  . Hirin'  the  A\'PS  l?rin-2C  enrine 
endurance  test.  However,  prior  to  these  perform  ince  tests,  a brief  test  was 
conducted  to  measure  the  halogen-containing  constituents  of  the  exhaust  from 
a mu  1 1 i -cyl  i nder  onpine,  and  these  results  are  p’^esented  in  Table  11.  The 
test  procedure  and  analytical  techniipics  are  discussed  more  completely  in 
subsequent  sections. 

1 . Cummins  Vb-ir>S  Fni'inc  l.xhaust  bmission  Test  on  b*!!  BCM  "Fire-Safe  Fuel" 

A Cummins  VC- ISA  iliesd  engine,  procured  in  I'C’d  for  use  in  an 
evaluation  of  diesel  fuel  containinn  dibromomethane,  was  selected  as  the 
initial  engine  to  be  u-ed  in  the  iliesol  fue 1 /bromoch loromethane  exhaust  gas 
analysis  project.  The  engine  was  disassembled,  inspected  for  signs  of  corro- 
sion which  may  have  taken  place  during  storage  (A  years),  and  all  critical 
parts  were  cleaned.  New  rings  and  injectors  were  installed,  the  valves 
cleaned  and  resented,  a pressure  pickuii  was  installed  in  one  cylinder,  and 
the  engine  reassembled.  Since  tbe  engine  was  to  be  operated  at  a remote 
site,  a skid-mounted  package  containing  an  engine  radiator,  the  V6-1.S.S,  and 
a power-absorbing  water-brake  dynamometer  was  assembled  (Figure  IS).  A con- 
trol console  and  associated  hardware  permitting  temperature,  pressure,  load- 
control,  and  o.sc i 1 1 oscopc  (combustion  pressure  traces)  data  to  be  recorded 
and  monitored,  was  assembled, 

Fngine  power  curves  were  developed  for  comparison  with  the  manu- 
facturer's data  with  no  major  problems  being  encountered.  The  analysis  of 
•t-he  "exhaust  for  Bra  and  Cla  from  diesel  fuel  containing  bromochloromethane 
was  accomplished  usin;;  bubbler  solutions  containing  carbon  tetrachloride. 

Thirty  liters  of  exhaust  gas  were  bubbled  through  the  solution  and  aqueous 
potassium  iodide  was  added  to  an  aliipiot.  If  a purple  color  appeared  in 
the  lower  carbon  tetrachloride  layer,  then  free  chlorine',  free  bromine,  or 
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F lid 

l-.iiginf  l.oiid. 
lb 

Speed. 
1 pin 

I'.xIkiusI  Cias  Composition, 
ppm 

n 2 

Btj 

IICl 

lIBi 

B(  M f SI 

B(  M FSt  i (1  5-; 

5 

.^00 

7 

None 

7(1 

None 

cydoliexcno  oxiiii' 

4 

7«H 

4 

None 

70 

None 

B(  M 1 SI 

i:o 

2000 

.4 

None 

1 Id 

None 

B(  M f SI 

i:o 

2000 

4 

None 

05 

None 

B(  M 1 SI 

I4'l 

2400 

None 

None 

214 

None 

B(  M I SI 

1 1: 

2400 

None 

I5X 

None 

B(  M I SI 

B(  M I SI  •(  0 5'!? 

1.^5 

2X00 

None 

652 

None 

cvdotiexeno  dxkIc 

I.IS 

2X00 

<) 

None 

a 

None 

B(  M 1 SI 

100 

2X00 

None 

-U57 

None 

**1  n^Jinc  e\luiuM  system  not  lliermjlly  equiHnaled 
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I'otli,  ivt'rc  rrcsont-.  To  ilctormifio  winch  hnIo<'cn‘5  wore  pr-cscnt,  the  potassiiiir 
iodide  solution  was  nn.ily-od.  hy  X-ray  f 1 imrcscence  spect rophotonetrv  CXOf''. 

‘It  ind  irds  of  potassiur  clilorivie  and  j)otnssiun  liror'i  !o  in  aqueous  potassiup 
iodide  were  prepared  for  uuantititive  results. 

The  analysis  ^or  iiydropen  chloride  anc'  In'dropen  '’romide  wa<;  accof'- 
nlished  usinr,  a dual  (in  series)  InibMer  system.  The  first  was  a bubbler, 
containin;’  carbon  tet  rach.lor  ide  which,  was  used  to  trap  any  organic  halfv;ens 
or  ;m>’  free  halopens  present.  The  second  was  a bubbler  containin''  n.  i \ 

‘.aOII  with  a pheno Ipbtha  1 i en  indicator.  A total  volume  of  ,’n  liters  was 
bubbled  throiip.h  the  solutions.  After  sarplinj;,  all  of  the  lines  to  the  1 
N NaOli  bubbler  were  rinsed  into  the  bubbler  solution  to  catch  any  acids 
rem.iininr  in  these  lines.  The  NaOll  solution  was  then  anal>’zed  by  X-Pay 
''luorescence.  Standards  of  sodium  chloride  and  potassium  bromi'le  in  0.1  \ 

NaOI.  were  also  prepared. 

Tb.e  organic  halopens  were  sampled  with  aiisonition  tubes  provided 
by  Dow  Cliemical  Co.  These  samples  were  tal.en  ‘"urther  down  the  exhaust  line 
to  pet  a cooler  sample.  A total  of  2 liters  of  exhaust  pas  was  pulled  through 
each  tube.  Tliere  was  one  sample  tube  for  each  orpanic  halopen  sam])linn. 

Orpanic  halopens,  collected  in  these  tubes,  were  measured  by  Oow  Chemical  Co. 
Incidentally,  samples  oO  the  exhaust  pas  penerated  when  the  enpinc  was  operated 
on  fuel  containing  BCM  and  cyclohexene  oxide  also  were  shown  to  contain  no 
harmful  chemical  species  that  were  not  found  when  fuel  and  RC>1  alone  were 
used . 


Tlie  results  r>rovided  by  Doi'’  Oiemical  Co.  did  not  differ  sip'stan- 
tially  from  si  np  le-ryl  inder  results  jirevi  ous  1 y observed  by  AFI.RL.  Tlie  new 
results  are  summarized  as  follows: 

No  BRt  or  lIRr  was  detected,  but  traces  o^  C1-. 
were  present  in  some  of  tlie  gas  samples  (<10  ppm). 
Significant  traces  of  brominated  organics  were 
also  present  in  all  of  the  samples  (<  10  ppm). 

These  compounds  included  unburned  BCA|,  dibromo- 
methane,  brominated  aromatics,  and  brominated 
light  hydrocarbons. 

-Selected  properties  of  tlie  base  fuel,  base  fuel  plus  ST  (liq.  vol.)  rr't 
(BCM  rSl),  and  BCM  FSF  nliis  0..’”o  (wtl  cyclohexene  oxide  are  presented  in 
Table  12. 


2.  Cuiimins  Vf-l.S.S  Ingine  BCM  FSF  Compatibility  Tests 

A series  of  four  engine  tests  was  conducted,  three  of  so  hours 
duration  and  one  of  114  hours  duration.  Tlie  meclianical  effects  observed 
after  each  of  these  tests  are  summarized  in  Table  IS.  Fffects  nS  oac’i  of 
these  tests  on  the  lubricants  are  summarized  in  Table  11. 

.a . 1 ip,hty-l!our  Cummins  Test  .No.  1 with  BCA<  I SF 


Following  the  'ireviously-described  exhaust  emissions  tests, 
the  Cummins  Vt-ISB  diesel  engine  was  disasser’  led,  inspected  <or  deposits 
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In  worn  cylinder  m top  rin)!  Uip-dcjd-centcr  poMlion 


.in('  ros  i on , the  c>’ 1 i n'er'^  were  hone!,  ii' 'v  pi«;ton  ri:n’«^  were  i .I'^t 'i ! 1 e ! , 

:i!l  v'lve-^  were  re>;enre'',  niul  the  engine  reri<^se!i’l)  1 r . T}ie  inioiters  t’^t 
were  instnlleJ  were  in'^pecte.'  for  eviilmre  o'"  en  1 ,ir' ■-'r-rnt  o'*  the  iniectinn 
holes  since  they  h.iil  heen  briefly  used  in  the  previously  reported  1' '' 
exli.iMSt  emissions  test.  T'le)'  were  found  t'  s''ow  no  enl  .irj'enent  md  npnejjred 
in  sat i sfactor\’  condition  for  addititional  service.  'fter  installation  on 
the  [ire vi ous 1 y-descr i be d portible  dvnanometer  test  stand,  the  engine  was  run 
under  varyin"  load  conditions  to  assure  peefomance  accetitable  to  the  ranu- 
^acturer's  new  equiprent  requi rements. 

followinj:  tliis  checkout  and  a break-in  run,  the  ^irst  in  the 
series  of  tests  was  cond.ucted  at  a renote  site  usinc  RCM  fRF.  The  test 
cycle  consisted  of  ■ hours  runninj;  at  .'/-I  load  - dl^n  rpm,  followed  b\-  an 
overnirht  (lb-hour)  shutdown.  This  cycle  was  perforrie>l  five  workinp  days 
with  a JS-hour  shutdown  on  weekends.  Each  evening  be*^ore  shutdown,  a full- 
power  check  was  made  to  deternine  if  perforirance  deterioration  had  occurred. 

Tlie  initial  Rb-hour  endurance  test  was  completed  in  this 
enpine  usinp  RCM  FSF  and  a MI1,-L-21'^4C  enpine  lubricant.  The  enpine  was 
disassembled  and  inspected,  with  the  followinp  distress  noted:  (1)  sipni- 
ficant  injector  tip  orifice  hole  enlarpement,  w!iich  was  random  in  specific 
hole  location,  (2)  excessive  cylinder  bore  wear,  as  evidenced  b>'  the  wear 
step  at  top-dead  center,  and  (.^)  sipnificant  piston  rinp  end-pap  chanpc 
(n.ni0-n.ni2  inch)  as  measured  in  the  cylinder  bore--sup.pest  inp  hiph  liner/ 
rinp  wear.  There  was  no  visible  distress  of  the  chromi um-pl at et'.  rinp,  faces. 

Tlie  maximum  power  that  could  be  developed  by  the  enpine  decreased  more  than 
10°  durinp  the  80-hour  test.  Conversely,  the  fuel  consumption  rate  at  the 
constant  operatinc  load  increased  more  than  lO'k  durinp  the  test. 

Some  of  the  seven  holes  in  each  injector  no:*le  tin  exhibited 
diameter  increases  of  about  100%.  Sectioned  snecimens  (typified  by  that 
shown  in  Fipure  16a)  indicated  no  chaip’e  in  the  hole-inlet  diameter  for  a 
typical  enlarped  hole  (as  appeared  to  have  been  the  case  with  .WlbS  17fiO-2C 
injector  tips  from  the  TCM  test  with  BCM  FSF).  The  cavity  formed  by  the 
drastically  enlarped  injector  hole-outlet  appeared  to  be  nearlv  hemispherical. 

b . Eiphty-Hour  Cummins  Test  V(^.  2 with  RC'l  I'lus  0.5'’  Cyclohexene  Oxide 

A seconti  run  was  completed  in  this  enpine  with  O.Sv'k  cyclohexene 
oxide  added  to  the  BCM  FSF.  Prior  to  this  run,  new  piston  rinps  were  installed, 
all  valves  were  reseated,  ind  the  cylinder  liners  were  honeil  to  eliminate  the 
wear  step  that  developed  durinp  tlie  previous  run.  Because  of  this  honinp, 
the  piston  rinps  were  looser  than  in  the  previous  test;  however,  this  rebuilt 
enpine  developed  about  4*0  more  power  durinp  break-in  on  neat  fuel  than  it  did 
in  the  previous  test. 

After  the  test,  the  enpine  was  disassembled  and  inspected,  with 
the  following  effects  noted:  (1)  substantial  reduction  in  injector  tip  hole 

enlargement,  (2)  increased  cylinder  liner  wear,  (.-.)  increased  piston  rinp  end- 
pap  chanp.e  (approximately  n.n.tn  inch),  and  (1)  extreme  blackening  of  all  enpine 
parts  below  the  rinj’  belt.  Tlie  black  color  seemed  to  be  caused  by  a thin 
layer  of  lactiuer- 1 il  e carbonaceous  substance  containing  bromine  ani!  iron  in 
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addition  to  other  trace  metals.  It  could  be  removed  by  rubbinj’  with  a pencil 
eraser. 


There  was  visible  wear  on  the  chromi iim-p  1 at eti  piston  rinj’ 
faces  (some  riny.s  had  lost  all  of  the  chromium  platinr).  The  maximum  power 
that  could  be  developed  bv  the  enpine  decreased  by  less  than  about  1" 
durin,!’.  the  SO-hour  test.  Conversely,  the  fuel  consumption  rate  at  the 
constant  operating  load  increased  less  than  l"o  durim;  the  test. 

One  or  two  holes  in  each  fuel  injector  noccle  tip  exliibited 
diameter  increases  of  about  70";  however,  most  of  the  hole  sizes  were 
essentially  unchanged.  Sectioned  specimens  (typified  by  that  shown  in 
lipure  Ibb)  indicated  no  chanpe  in  the  hole-inlet  diameter  for  a tyincal 
enlarp.ed  hole.  The  hole  enlarqement  was  greatest  at  t!ie  outlet,  with  a 
nearly  straight  smooth  transition  to  the  zero-enlargement  at  the  inlet. 

c . liphty-llour  Cummins  Test  No.  3 with  FSF  Plus  1.0"  (!yclo- 

^exene  Oxide: 

A third  SO-hour  test  was  completed  with  a new  Cummins  Vf-lSS 
diesel  engine  using  1 . n\°  c;clohexcne  oxide  (CliO)  as  the  halogen  scavenger 
in  B(  ■*  fSP.  Results  are  summarized  in  Tables  IT-IS.  One  piston  was  removed 
t rom  eac!i  side  of  t ie  new  engine  and  inspected  prior  to  the  test  in  order  to 
c«infirm  the  types  (and  condition)  of  piston  rings  used  in  the  engine.  The 
initial  oil  charge  contained  2v°.,  CliO;  however,  gas-chromatographic  analyses 
revealed  that  the  oil  no  longer  contained  CliO  (or  the  CIIO-llCl  reaction 
product)  after  8 hours  of  operation. 

Oil  samples  were  withdrawn  daily  and  evaluated  for  wear  metal 
content  and  acid,  buildup,  and  the  results  are  presented  in  Tables  14  and  IT. 

Following  this  engine  test,  the  engine  was  disassembled  and 
inspected,  witli  the  following  effects  noted:  (1)  further  reduction  in 

inlector  nozzle  hole  enlargement,  (2)  about  the  same  am.ount  of  cylinder 
liner  wear,  (d)  about  the  same  top  piston  ring,  end-gap  change,  and  (4) 
reduced  blackening  of  engine  parts  lielnw  the  ring  belt,  all  relative  to  the 
previous  nin  with  0.5%  CI.'O. 

TTiere  was  visible  wear  on  the  chromium-plated  piston  ring 
faces  (some  rings  had  lost  all  of  the  chromium  plating).  Tlie  maximum  power 
that  could  be  developed  by  the  engine  decreased  by  less  than  about  2% 
during  the  SO-hour  test.  Conversely,  the  fuel  consumption  rate  at  the 
constant  operating  load  increased  less  than  2%  during  the  test. 

Many  of  the  fuel  injector  nozzle  tip  holes  appeared  to  be 
about  the  same  diameter  as  those  in  the  original  nozzle.  One  or  two  holes 
on  each  injector  exhibited  diameter  increases  of  about  50%,  Sectioned 
si)ccimens  (typified  by  that  shown  in  Figure  16c)  indicated  no  change  in 
the  hole-inlet  diameter  for  a typical  enlarged  hole.  As  in  the  preceding 
test,  the  enlargement  was  greatest  at  the  hole  outlet,  but  with  a nearly 
straight  transition  to  zero-enlargement  at  the  hole  outlet. 
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Cuminins  Rndurance  Test  with  BCM  FSF  Plus  1,5%  Cyclohexene  Oxide: 


A fourth  test  was  completed  with  a new  Cummins  Vf-155  diesel 
enpine  using  1.5v®t  cyclohexene  oxide  (ClIO)  in  the  BCM  FSF.  7his  test  was 
intended  to  he  an  endurance  test  terminating  at  the  end  of  400  hours  of 
service.  The  1.5%  CHO  concentration  was  chosen  because  of  the  progressively 
decreasing  hole  enlargement  observed  with  0,  0.5,  and  l.o%  CIIO  (Figure  16). 
Unfortunately,  at  the  end  of  114  hours  the  enpine  began  to  lose  oil  pressure 
and  the  power  output  dropped  off,  thus  the  test  was  terminated.  Subsequent 
inspection  of  the  disassembled  engine  parts  revealed  the  cause  for  the  oil 
pressure  decrease  was  probably  the  excessive  in-service  wear  of  most  bearing 
surfaces  in  the  engine.  Inspection  of  the  injector  holes  showed  enlargement 
up  to  approximately  50%  on  a few  holes  but  the  majority  were  unchanged  or 
only  slightly  altered.  Tlie  enlargement  occurred  at  the  hole  outlet  and  was 
similar  to  that  observed  in  earlier  inspections  on  previous  engine  tests. 

Light-hour  oil  samples  were  drawn  daily  from  the  engine  and 
evaluated  for  wear  metal  content  and  acid  build-up,  and  the  results,  summarized 
in  Table  16,  show  that  the  wear  metals  were  excessive  and  the  acid  number 
was  extremely  high,  thus  providing  an  environment  conducive  to  excessive 
wear  and/or  corrosion,  leading  to  probable  catastrophic  failure. 

3.  Single-Cylinder  TARADCOM  ER-5  Engine  BCM  FSF  Compatibility  Tests 

A series  of  six  40-  to  80-hour  tests  was  conducted  with  the 
TARADCOM  F.R-3,  single-cylinder,  four-stroke  cycle,  diesel  engine.  The  study 
was  conducted  to  evaluate  the  effects  on  fuel  injector  nozzle  tip  hole 
enlargement  and  piston  ring  distress  of  using  BCM  FSF  with  and  without 
halogen  scavenger  in  the  fuel  and/or  lubricant.  The  mechanical  effects 
observed  after  these  tests  are  summarized  in  Table  17,  and  the  results  of 
the  lubricant  analyses  are  detailed  in  Table  18.  For  each  test  in  this 
series,  the  ER-3  engine  was  (a)  rebuilt  to  include  new  bearings,  a new 
cylinder  sleeve,  and  a new  piston/ring  assembly,  (b)  installed  on  a labora- 
tory dynamometer  test  bed,  and  (c)  given  a standard  break-in  using  neat 
CAT  1-G/l-U  reference  fuel  and  the  same  MIL-L-2104C  lubricant  as  that  used 
in  the  multicylinder  tests.  Also,  to  prevent  contamination  of  the  labora- 
tory and/or  its  exhaust  dilution  system  when  operating  the  engine  on  BCM 
FSF,  a commercial  exhaust  scrubbing  device,  liaving  a maximum  gas  flow- 
capacity  of  2.27  m-^/min  (80  cfm),  was  inserted  in  the  engine  exhaust  line. 
During  the  test  series,  this  device  required  extensive  modification  to  main- 
tain its  reliability  and  efficacy.  The  final  version  of  the  ER-3  exhaust 
system  is  illustrated  in  Figure  17. 

Because  of  the  vulnerability  of  the  exhaust  scrubber  to  high  gas 
temperature  and  pressure,  it  was  impossible,  when  selecting  the  constant 
operating  conditions  for  the  two  TARADCOM  ER-3  tests,  to  duplicate  or  even 
simulate,  those  of  either  the  AVD.S  1790-2C  or  Cummins  V6-155  engine  tests 
on  BCM  FSF.  Thus,  in  order  to  meet  the  scrubber  requirements  and  yet  provide 
a reasonable  fuel  input  rate  and  low  smoke,  the  nominal  operating  conditions 
selected  for  both  of  the  TARADCOM  ER-3  tests  were:  speed,  2200  rpm;  fuel 

rate,  4.3  kg/h  (9.5  Ib/h);  jacket  temperature,  85°C  (185®F);  sump  oil 
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tcnpcrature,  SS°C  (18fi“r);  intake  air  temncratiiro , ST'C  (I2S°F);  absolute 
intake  air  pressure,  ■=>.  1 kPa  in.  H};):  ■'•ncl  exhaust  hncV  pressure, 

nii  nirrum. 

a.  l.R-'i  linpine  Tests  .No.  1 and  No.  2: 

_V  _ _ 

ITie  first  test  w.as  conducted  priivarily  to  deterrine  the 
effects  of  R(T1  TSF  on  iniector  tip  hole  enlarcement  and  distress  of  the 
chroiriuin  platinp  on  the  ton  compression-  and  oil-control  niston  rinps. 

The  second  test  was  similar  to  the  ''irst  test,  hut  with  fl'O  ,a  I !e<i 

as  a haloqcn  scav'enpcr. 

Although  the  duration  of  each  FT-a  test  was  scheduled  for 
SO  hours,  the  first  one,  which  involved  tlie  use  of  P.rM  per  without  CiiO, 
was  terminated  at  60  hours  due  to  tFie  prat'ual  development  of  a SOT  power 
loss.  Parts  inspection  after  the  first  test  showee'  the  followine: 

Injector  Ti;)  - Most  holes  had  shallow  craterine  at  the 
exit,  but  the  minimum  IP's  of  all  holes  were  the  same  as 
new.  Spray  pattern  (liquid  injection  tecFiniquc)  showed 
about  30"  less  nenetration  '"rom  two  holes  than  when  new 
(Fipure  IS). 

Injector  I’intle  - Fvidence  of  [iresum.ed  corrosion  over  a 
small  area  of  the  u|iner  surface. 

Top  Piston  Rinp  - .S7.S-o  increase  in  end-qan  and  possible 
film  deposit  on  chromed  face. 

Oil  fontrol  Rinp  - .S”.  increase  in  end-pan  but  no  chromium 
distress. 

Cylinder  Liner  - Bore  wear  over  top  rinp  travel  ranged 
from  6.  i.')22  mm  (0.00.S6  in.)  at  top  to  0.05SO  mm  (0.0022  in.) 
at  bottom.  Heavy  black  deposit  covered  entire  area  above 
top  ring  travel. 

Piston  - Heavy  black  deposit  covered  entire  fire  land, 
but  skirt  was  clean. 

Inspection  of  parts  after  the  FR-3  80-hoiir  test  of  BCM  FSF  containing  CHO 
(test  No.  2)  revealed  the  followinp.: 

Injector  Tip  - Only  one  hole  had  slipht  craterinp  at  the 
exit,  but  the  minimum  ID's  of  all  holes  were  equal  and  as 
new.  Spray  pattern  (liquid  injection  technique)  showed 
no  significant  chanp.e  in  penetration  (Finure  IS). 

Injector  Pintle  - Same  distress  as  noted  in  test  without  CHO. 


Top  Piston  Ring  - 6%  increase  in  end  pap  and  possible  film 
deposit  on  chromed  face. 
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incre.Tsp  in  end  mp  and  no  chromium 


Cylinder  l.iner  - Bore  wear  over  top  ring  travel  ranged 
from  0.106"’  mm  (O.OOIJ  in.)  at  top  to  O.OIJ"’  mm  (0.000r>  in.) 
at  bottom.  Heavy  Mack  deposit  covered  entire  area  above 
top  rinf  travel. 

Piston  - Heavy  black  dcf'osit  covered  entire  fire  land,  and 
antitbrust  side  of  skirt  bad  some  light  lacpuer  (about  0.0- 
0. S cue  merits) . 

Spray  jiattern  tests  (liquid  teebninne)  illustrated  in  figure  IB 
indicated  deteriorated  sjiray  distribution  and  penetration  relative  to  those 
of  a typical  new  injector  after  the  first  test  (BC^I  rSP).  The  spray  patterns 
obtained  after  the  second  test  (BCM  FSF  plus  0.S%  CHO)  indicated  that  the 
spray  distribution  and  penetration  wore  almost  equivalent  to  those  of  a 
typical  new  injector. 

Based  on  the  above  data,  it  is  evident  that  the  addition  of 
0.5v%  Clio  to  the  B(M  FSF  reduced  injector  tip  hole  cratering,  improved  the 
final  fuel  spray  pattern,  and  reduced  cylinder  and  piston  ring  wear  in  the 
TAUADCOM  ER-3  engine  when  used  under  these  test  conditions. 

b . [;R-3  engine  Tests  No.  5 and  No,  4: 

Tests  No.  3 and  No.  -1  were  conducted  to  investigate  an 
alternate  halogen-scavenger,  lest  No.  3 used  RCM  FSF  containing  O..Svo 
Amine-0,  a halogen  scavenger  representative  of  a class  of  heterocyclic  amines 
referred  to  as  substituted  imidazolines.  The  primary  objective  of  the  test 
was  to  evaluate  the  anti-corrosion  potential  of  the  Amine-0  with  respect  to 
the  fuel  injection  nozzle  tip  and  the  chromium-plated  top  and  oil  control 
piston  rings.  Results  are  summarized  in  Tables  17  and  IS. 

Originally,  the  duration  of  this  run  was  intended  to  be  SO 
hours;  however,  when  periodic  analyses  (by  XRF)  of  used  oil  samples  indi- 
cated that  the  iron  content  had  increased  from  zero  to  .S80  ppm  in  40  hours, 
the  test  was  terminated  at  that  point. 

Post-test  inspection  of  engine  parts  revealed  the  following 

for  test  No.  3; 

Injector  Tip  - One  hole  had  irregular,  off-set  cratering 
which  may  have  been  due  to  a flaw  in  the  metal  rather  than 
to  a fuel  corrosion  mechanism.  The  three  other  holes  were 
not  distressed  at  the  exit,  and  the  minimum  IP's  of  all  four 
holes  were  equal  and  the  same  as  new.  Spray  pattern  (liquid 
injection  technique)  showed  penetration  from  distressed  hole 
was  aliout  25%  less  than  normal  and  from  each  of  the  two 
adjacent  holes  about  50%  of  normal.  Penetration  from  the 
fourth  hole  appeared  normal. 


Injector  Pintle  - No  meclianical  distress  was  evident,  hut 
the  lower  stem  had  slif^ht  corrosion.  Also,  the  discharge 
tip  !nii  a dark  lacquer- type  deposit. 

Top  Piston  Rinr  - 28'  increase  in  end-pao,  but  no  corrosion. 
2nd  romp.  Rinp  - 2f>^  cold-stuck. 

Hi  1 Cont ro  1 Ri np  - No  increase  in  end-<'.ap  and  no  corrosion. 

Cylinder  Liner  - Bore  wear  over  top  rinc  travel  ranped  from 
0.4S  nm  (O.nOfi  in.)  at  top  to  0.02.S  mm  (0.001  in.)  at  bottom. 
Heavy  black  deposit  covered  entire  area  above  top  rinc 
travel . 

Piston  - No  mechanical  distress,  but  heavy  black  deposit 
covered  entire  side  area  above  third  compression  ring. 

Since  it  was  uncertain  whether  the  cratering  of  the  sinple 
hole  of  the  injector  tip  in  the  40-hour  test  with  BC^t  FSP  containing  0,5v% 
Amine-0  was  due  to  corrosion  distress  or  to  a manufacturing  flaw  (although 
the  latter  was  stronplv  susi^ected) , it  was  decided  to  conduct  another  bR-3 
engine  test  with  the  B('M  FSF,  but  this  time  with  1 . Ov'  Am.ine-0  instead  of 
a O.SVi  added  to  the  ftiel.  Again,  the  duration  of  test  was  scheduled  for 
SO  hours. 


From  the  outset,  this  evaluation  of  BCM  FSF  with  the  higher 
dosage  of  Amine-0  was  characterized  by  abnormal  oil  consumption  and  generally 
higher  than  usual  blowby  rates.  For  these  reasons,  which  suggested  high 
wear  of  the  cylinder  liner  and/or  piston  rings,  the  test  was  terminated  at 
jS  hours. 


Post-test  inspection  of  engine  parts  showed  the  following: 

Injector  Tip  - No  cratering  nr  "bel 1 -mouthing"  of  any  of 
the  four  holes,  the  minimum  inside  diameters  of  which  were 
equal  and  the  same  as  when  new.  Spray  pattern  (liquid 
injection  technique)  was  essentially  uniform  and  normal 
with  respect  to  penetration  and  plume  intensity. 

Injector  Pintle  - More  corrosion  on  lower  stem  than  with 
O.Svc  Amine-0,  but  no  lacquering  of  discharge  tip. 

Top  Piston  Ring  - 36%  increase  in  end-gap,  but  no  corrosion. 

Oil  Control  Ring  - 4%  increase  in  end-gap,  but  no  corrosion. 

Cylinder  Liner  - Bore  wear  at  T.D.C.  position  of  top  ring, 
was  0.117  mm  (0.005  in.).  Heavy  black  deposit  covered  the 
entire  area  above  top  rinr  travel. 

Piston  - No  mechanical  distress,  but  heavy  black  deposit 
covered  entire  side  area  above  third  compression  ring. 


I'urtlior  i ns(icot  ion  of  ports  rovcaled  that  tho  valve  stem- 
to-i_niiile  clearances  were  within  allowable  limits;  however,  it  was  observed 
that  a j'.roove  in  the  crankshaft  on  the  line  of  contact  with  the  lip  of  the 
rear  main  seal  had  deepened  significantly  durinr  the  course  of  this  series 
of  hrv  FSF  evaluations.  It  was  conclmled,  therefore,  that  the  abnormally 
hi^;h  oil  consumption  during  the  test  with  BCM  plus  1 . dv'o  Amine-0  had  been 
larjiely  due  to  leakap.e  caused  by  excessive  cranFshaft-seal  fjroove  enlargement. 

c . FR-a  Inpine  Tests  No.  !i  and  No.  6: 

A repeat  test  involving!  the  use  of  BC‘‘'  l-SF  '.Jithout  the  addi- 
tion of  lialor.en  scavetu’.cr  was  conducted  in  the  1 ARAPfOM  F.R-%  sinp.le-cyl  indcr 
diesel  enp.ine.  'I'his  repeat  test  was  intended  to  eitiier  verify  or  refute 
the  results  obtained  in  the  initial  l:R->  engine  evaluation  of  this  fuel. 

It  may  be  recalled  that  the  first  run  hati  Been  characterized  by  numerous 
ani!  lengthy  unscheduled  shutdowns  because  of  exhaust  pas  scrubber  mal- 
functions, and  it  was  felt  that  those  interruptions  might  have  affected 
the  end  results  of  that  test.  In  view  of  the  fact  that  the  scrubber  problems 
were  subsequently  resolved,  a reevaluation  of  the  straight  bCM  FSF  under  the 
same  test  conditions  was  consideretl  necessary  and  appropriate. 

The  scheduled  duration  of  tins  test,  like  that  of  each  of 
the  single-cylinder  BCM  FSF  evaluations  in  this  series,  was  SO  hours. 

However,  at  dO  hours  the  engine  gradually  began  to  lose  power,  so  that  by 
40  hours  the  loss  was  about  The  test  was  terminated  at  that  point 

because  the  engine  speed  C2200  rpm)  could  no  longer  be  maintained  due  to 
the  drag  imposed  by  the  cooling  water  in  the  wet  gap  of  the  dynamometer. 

Since  neither  the  blowby  nor  oil  consumption  rates  had  l^een 
excessive,  it  was  susf'ccted  that  a chaiv.'.e,  such  as  hole  enlargement,  had 
develoneti  in  the  fuel  nozzle  tip  to  de leterious 1 y alter  the  spray  pattern 
and  consequently  reduce  the  power  output  of  the  engine.  Thus,  after  stopping 
the  engine,  the  nozzle  tip  was  removed,  soft-wiped  to  remove  carbon,  and 
visually  inspected.  The  exit  diameters  of  all  holes  appeared  normal.  Since 
tlie  possibility  remained  that  the  tiji  had  experienced  interrial  distress, 
a tip  liaving  a known,  normal  spray  pattern  was  substituted,  and,  the  engine 
was  restarted  (while  still  warm)  and  brought  up  to  test  conditions.  The 
resultant  brake  power  was  only  7%  less  than  that  obtained  with  the  original 
tip  at  the  start  of  the  40-hour  test.  Immediately  after  stopping  the 
engine,  the  original  nozzle  tip  was  reinstalled  and  the  engine  was  then 
brought  up  to  the  same  test  conilitions  again.  This  time,  the  brake  power 
was  about  18  percent  less  than  that  at  the  start  of  the  40-hour  test. 

Despite  the  renewed  ability  to  maintain  speed  by  virtue  of  a reduction 
in  brake  power  loss  (i.e.,  from  371  to  18°i),  it  was  concluded  that  the 
flow  characteristics  of  tliat  tip  had  deteriorated  since  new  and  that  con- 
tinuation of  the  BCM  FSF  test  would  shortly  result  in  further  loss  of  |iower 
and  speed. 


Using  the  liquid  injection  technique,  a photograph  was  then 
taken  of  the  spray  pattern  of  the  fuel  nozzle  tip  from  the  40-hour  BCM  FSF 
test.  This  picture  showed  essentially  equal  plume  intensity  from  all  holes. 


hat  tho  sjiray  penetration  from  one  hole  was  about  S5°f.  of  normal,  about 
')S'  of  normal  from  an  adjacent  hole,  and  normal  from  the  remaininp  two 
holes.  Subsequently,  the  tip  and  pintle  were  examined  under  a micro- 
scope. lliis  inspection  revealed  that  the  exit  diameters  of  all  tip  holes 
and  the  surfaces  of  the  pintle  were  as  new.  The  nozzle  tip  was  then 
sectioned  on  the  loneitudinal  centerline  of  the  hole  that  pave  t!ie  least 
snrav  penetration,  ami  phot omi c ropraphed . This  detailed  picture  showe<l 
the  hole  was  tapered  to  a slightly  larger  entrance  diameter. 

The  HR-a  enyine  was  disassembled  for  inspection  of  parts 
which  showed  the  following, ; 

Top  Piston  Riny  - 91  increase  in  end-fjap.  Also,  slij:ht 
chrome  face  wear  hut  no  corrosion. 

Oil  Control  Rine  - No  increase  in  end-pan  am'  no  chrome 
di St  ress. 

Cylinder  l.iner  - Itorc  wear  at  top  of  rin<’  travel  was 
O.nsso  mm  (n.O()TS  in.j.  Also,  lieavy  l>lacT  deposit  covered 
entire  area  above  top  of  rine  travel. 

Riston  - Heavy  black  deposit  covered  entire  side  area  above 
third  comiiression  ring;  otherwise,  the  piston  skirt  was 
clean . 

Ahen  the  results  of  this  10-hour  F.R-T  evaluation  of  straight  BCM  FSF  were 
compared  to  those  of  the  initial  60-hour,  interrupted  test  with  the  same 
fuel,  the  data  from  the  current  run  differetl  in  that, 

a.  The  overall  average  brake  horsepower  output  level  was 
about  SI  less, 

b.  No  signs  of  iniector  tit)  hole  cratering  were  evident, 
and  the  post-test  spray  pattern  was  more  nearly  normal 
from  all  holes, 

c.  No  corrosion  or  other  distress  of  the  iniector  pintle 
was  found,  and 

d.  Cylinder  and  piston  rine  wear  was  less,  but  disnro- 
portionally  so. 

Following  this  second  aborted  run  on  straight  UCM  FSF,  an  80-hour  test 
(No.  ()}  was  initiated  in  the  ER-3  engine  using  BCM  FSF  containing,  O.Sv^ 
cyclohexcne  oxide  (CIIO)  and  a ‘fII,-I.-2I OAC,  SAF  SO  lubricant  containing 
■S.Ov^  epoxidized  soybean  oil  (tSO),  Addition  of  a material  having  a flash 
point  of  approximately  316®C  (600“F)  and  reactive  with  HCl  seemed  to  be  a 
viable  solution  for  reducing  the  acid  build-tip  in  the  eng.ine  lubricant. 

Tlie  operating,  schedule  for  this  test  consisted  of  16  con- 
secutive hours  i>er  day  starting  at  8:00  AM  at  which  time  new  oil  was  added. 


if  noi'cicJ,  to  re«;tore  tlio  initial  charri'  level.  Inch  .lav  a hot  iisoii  (' i 1 
sanple  was  withdrawn  f rnn  the  enj’ine  pal  lory  at  about  ^:0(i  PM  ami  just 
before  shutdown.  These  samples  were  analyzed  for  TAN',  IRN,  ami  wear 
aietals  content  by  '-Raa'  fluorescence. 

by  the  end  of  H'  hours  of  test,  the  enpine's  brake  horse- 
power output  had  drop[)ed  .'’.fl'?-  of  its  initial  level  and  sfeed  could  no 
lonper  be  maintained.  Since  in  other  resjiects,  the  operating  conditions 
appeared  normal,  it  was  suspected  that  a problem  had  developed  in  the  fuel 
injection  nozzle.  Thus,  after  withdrawing  a used  oil  sample  for  analysis, 
the  enpine  was  stopped  and  the  nozzle  was  removed  for  inspection.  It  was 
found  that  the  pintle  h.ad  seized  in  the  tip  body,  but  the  tip  exit  holes 
did  not  ajipear  to  be  blocked  or  enlarged.  Upon  freeinp  the  pintle,  small 
areas  of  corrosion  were  evident  on  both  the  ujjper  and  lower  portions  of 
the  pintle  as  well  as  tacky  lacquer-like  deposits  on  the  needle  and  lower 
stem  areas. 


Since  the  primary  puntosc  of  this  test  was  to  evaluate  the 
efficacy  of  the  F.SO  in  the  luhricant,  a new  nozzle  tip  assembly  was  installed 
to  permit  continuation  of  the  tost  to  150  hours.  Meanwhile,  a microscoi'ie 
examination  of  the  removed  tip  confirmed  no  enlargement  of  the  fuel  exit 
holes  and  no  other  exterior  distress.  Upon  resuminR  the  test  with  this 
new  injector  tip,  the  pow  r output  was  found  to  he  restored  to  its  original 
level . 


Although  the  operating  conditions  were  maintained  through- 
out the  remaining  40  hours,  excessive  oil  consumption,  to  the  extent  of 
losing  over  20®  main  oil  piessure,  and  requiring  the  total  additions  of 
2.0  kg  (6.P  lb)  new  makeup  oil  to  restore  the  standard  kg  (1.^.0  lb) 
charge,  was  experienced  during  that  ])eriod.  These  oil  makeups,  amounting 
to  0.7  kg  { 1 . S Ih)  at  IS  hours,  1.1  kg  f.'S.O  Ih)  at  63  hours,  and  O.S  kg 
n.S  lb)  at  7-1  hours,  created  a "sawtooth"  effect  on  time  plots  of  TAN 
and  1 BN  values  for  tlie  two-a-day  used  oil  satiples,  thereby  obscuring  the 
influence  of  F.SO  on  TAN  increase  and  TBN  decrease.  Uisassembly  of  the 
engine  after  test  revealed  the  following; 

Deposit s - More  than  usual  granular  carbonaceous  deposits 
were  found  on  valve  deck  and  rocker  cover.  Hard  carbon 
deposits  had  formed  on  valve  springs,  rocker  components, 
piston  fire  land  and  cylinder  are.a  above  top  ring  travel. 
Varnish  spots  were  present  on  both  sides  of  piston  skirt. 
Carbon  deposits  were  present  in  all  piston  ring  grooves 
and  on  all  lands.  The  second  and  third  compression  rings 
were  sluggisli  in  their  grooves. 

Chromed  Rings  - No  corrosion  was  apparent  on  top  ring  but 
chromed  face  was  bailly  worn.  No  corrosion  or  other  distress 
of  chromed  rails  of  oil  control  ring  occurred. 

Other  Ring.s  - The  secon<l  and  third  comj)ression  rings  were 


worn , 


Injector  (No.  2)  - The  pintle  of  the  re|)l--iceinent  tip  wns 
corrotieJ  on  the  u;>per  stem  about  the  same  as  the  first, 
but  corrosion  of  the  lower  stem  ani!  needle  areas  was  con- 
siderably less  than  the  first. 

4.  Discussion  of  Cummins  and  l.R-o  l.npine  Tests 


hxhaust  emissions  tests  ditl  not  indicate  any  substantial  differences 
in  the  nature  of  the  brnminateJ  organic  constituents  from  sinpl e-cyl inder 
versus  multi-cylinder  engines  (CLli  vs.  f!iimmins)  operating  on  BCV  TSF. 

I ifthty-hour  tests  conducted  at  a remote  site  with  BCM  FSF  in  a 
m.ul  t i -cy  1 inder  eneine  (Cummins  V6-15fO  reproduced  the  power  loss  and  fuel 
injector  nozzle  hole  enlarp.ement  problems  (b\it  not  the  oil-control  piston 
riny  chippinn  or  the  fuel  injector  valve  sticking  phenomenal  that  had  been 
observed  in  the  AVDS  1790-JC  endurance  test. 

Subsequent  eneine  tests  usinp  O.S'  and  1.0°  CHO  added  to  the 
BCM  FSF  demonstrated  essentially  no  power  loss  and  substantial ]>■  reduced 
injector  hole  enlargement,  with  the  1°6  (d'O  test  producinc  less  enlargement 
than  t'ne  0.5"o  ClIO  test.  However,  each  of  the  BCM/Cl.'O  tests  resulted  in 
wrist  pin  liushinp  wear  and  somewhat  more  piston  rinp  wear  than  did  the 
BCM  FSF  test.  A fourth  test  was  conducted  with  this  mu  1 1 i -cy 1 i n<ler  eneine 
with  1.5%  Clio  in  the  BC'1  FSF,  and  this  was  intended  to  be  an  endurance 
test.  At  fiO  hours,  the  developed  power  was  about  the  same  as  at  the 
beRinninp  of  the  test,  and  other  measures  of  performance  looketl  pood. 

However,  at  114  hours,  the  oil  pressure  was  decreasinr  rapidly  and  became 
too  low  to  allow  continued  running.  Post-test  inspection  revealed  severe 
wrist  pin  bushinp,  wear  and  also  substantially  more  piston  riny  wear  than 
tliat  observed  with  the  shorter  0.5%  or  1.0%  CHO  tests.  In  effect,  for 
this  mult i -cyl inder  enpine  test,  the  CHO  additive  appears  to  have  served 
its  intended  function  of  protecting  fuel  injector  nozzle  holes  from  corro- 
sive enlarpement,  but  at  the  same  time,  it  appears  to  have  created  an 
accelcrated-wear-conduc i ve  environment . 

Simultaneous  80-hour  (or  less)  tests  conducted  in  the  laboratory 
with  the  si  nRle-cyl  inder  TARADCOM  F.R-5  diesel  engine  produced  results 
somewhat  contradictory  to  those  olserved  duriny  the  multi-cylinder  en.Rine 
tests.  It  was  not  unexjiected  that  results  obtained  with  the  s iny le-cy 1 i nder 
cnj’inc  would  be  different  from  those  generated  by  the  multi-cylinder  engine 
because  the  engine  parts  were  made  of  different  alloys,  and  enyine  operatinR 
conditions  were  different.  This  test  series  did  reproduce  the  fuel  injector 
valve  stickiny  problem,  but  did  not  reproduce  the  fuel-injcctor-nozzle  hole 
enlaryemcnt  or  oil-control  piston  riny  chippinn  phenomena  observed  in  the 
AVDS  1790-2f  endurance  test.  The  addition  of  0.5%  CHO  to  the  B('M  FSF 
sifTiificantly  retiuced  the  amount  of  piston  riny/liner  wear,  in  contrast 
with  the  multi-cyl inder  enrine  tests  where  the  opposite  effect  was  observed. 
However,  the  fuel  injector  valve  stickiny  problem  was  not  alleviated  by 
the  presence  of  CHO. 

E.  Metallurgical  Considerations 

Several  organizations  knowledyeable  of  the  metal luryical  aspects  of 
corrosion/crosion  phenomena  were  consulteil  during  the  early  phase  of  this 


1 


cori'cct  i ve-acf  i on  'iro'rai".  Tho  assistance-  of  was  ♦‘orr-allv  rod'iostcc! 

hv  'I!  P.A['^0^',  and  other  ni-"  in  i 'at  i ons  icro  contact  ci  tv  M'l.IU..  'Dipso  included 
Irankford  Arsenal,  Xinorican  Boscii,  an  independent  coesultaot,  and  TAPADCO'D 
Following  meetinfs  of  these  proinis  at  Ml  PADCO''  ani!  .at  A'"''''',  the  consensus 
was:  (11  m.aterial  screeninp  tests  and  material  acceptance  criteria  should 

he  developed  as  soon  as  -lossihle,  (2)  corrosion  bench  testinf  of  candidate 
materials  should  commence  as  soon  as  possible,  and  (.1)  as  likely  iniector 
candidate  materials  ,a[>|iear,  they  should  )e  provided  to  American  Posch  for 
initial  enr.ineerine  evaluation  .and  ultimate  fabrication  for  the  AVDS  l?‘dn- 
2C.  eneine  family.  However,  initial  injector  tip  evaluations,  using  improved 
corrosion-resistant  t i ji  materials,  would  be  conducted  at  AFIdU,  in  the 
lAPAOrOM  I P- 1 hi^h-output  s i nc le-cy 1 i nder  diesel  enpine.  Because  of  a one- 
year  development  period  required  by  American  Bosch,  it  would  not  be  possi- 
ble to  complete  such  tests  until  some  time  durinc  f'Y77.  Demonstration  of 
improved  injector  tip  performance  in  this  engine  would  provide  added  con- 
fidence that  such  materials  would  function  acceptablv  in  the  Al'D.S  1790-2C 
engine. 

I.ach  of  the  notcle  suppliers  (American  Bosch  and  fummins)  furnished 
the  basic  alloy  composition  current iv  used  in  his  injector  tins.  furtlier, 
each  stated  that  he  would  cooperate  in  improvin'’  the  corrosion  resistance 
of  his  injection  eciuipment.  For  reference  purposes,  the  identify  and 
nominal  composition  (whore  available  to  AFLRLj  of  tho  various  alloys  included 
in  fuel  injectors  of  immediate  interest  to  the  BCM  FSF  research  program 
are  summarized  in  Table  19. 
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SUMMARY  OR  RESULTS 


The  composite  results  of  the  forepoini;  research  prop,ran  are  summarized 
in  Tables  20,  21,  and  22.  I.ach  fitnire  itemizes  the  four  problem  areas: 
injector  nozzle  hole  enlargement,  injector  valve  sticking,  oil-control 
piston  rinp  chipninj;,  and  accelerated  wear.  Table  20  shows  the  fuel  and/ 
or  lubricant  modification  invest  i j’ated  for  alleviating  each  problem  area, 
the  observed  effects  related  to  the  problem  area,  and  finally,  any  secon- 
dary effects.  lor  inicctor-nozzle  hole  enlarpement,  propylene  oxide  halopen 
scavenger  was  found  to  be  effective  t'or  removinp  hydrocloric  acid  from  vapor 
in  the  developed  corrosion  test;  however,  -t  proved  to  be  too  volatile  to 
use  as  a diesel  fuel  additive.  Consequent ; v , cyclohexene  oxide  halogen 
scavenger  was  selected  as  the  fuel  additive  and  was  fount!  to  substantially 
reduce  nozzle  hole  enlargement  in  engine  tests;  however,  it  produced  acce- 
lerated wear  of  engine  [).irts.  The  injector  valve  sticking  problem  obscrvetl 
with  the  F.R-3  engine  was  attacked  l)y  the  use  of  cyclohexene  oxide  halogen 
scavenger  in  the  fuel.  However,  this  additive  had  no  effect  on  this  problem 
Oil-control  piston  ring  chipping  was  not  observed  in  any  of  these  engine 
tests.  Alleviation  of  accelerated  wear  was  approached  by  employing  epoxi- 
dized  soybean  oil  in  the  lubricant.  During  initial  stages  of  the  engine 
test  in  which  this  additive  was  employed,  increase  in  acid  number  of  the 
lubricant  was  retarded  by  the  presence  of  the  additive.  However,  subse- 
quently, the  acid  number  increased  at  an  accelerated  rate  relative  to  tests 
in  which  the  epoxidized  soybean  oil  was  not  utilized.  This  lubricant  addi- 
tive produced  accelerated  wear  in  the  KR-3  engine. 

Table  21  summarizes  the  maximum  number  of  operating  hours  that  can  be 
assured  based  upon  the  results  observed  with  laboratory  engines  for  the 
same  four  problem  areas  itemized  in  Figure  21.  The  injector  hole  enlarge- 
ment with  bromochloromethane  fire-safe  fuel  caused  engine  shutdown  with 
the  FR-3  after  60  operating  hours,  but  when  0.5°  cyclohexene  oxide  was 
included  in  the  fuel,  the  Cummins  engine  had  suffered  no  power  loss  due 
to  injector  nozzle  hole  enlargement  at  110  hours  of  operation.  Significant 
power  loss  apparently  because  of  injector  valve  sticking  was  encountered 
with  the  FR-3  engine  at  40  to  80  hours,  both  with  and  without  0.5°j  ClIO  in 
the  BCM  FSF.  As  mentioned  previously,  oil-control  piston  ring  chipping 
was  not  encountered  in  any  of  tlie  engine  tests.  Accelerated  wear  was  not 
encountered  in  the  FR-3  with  BCM  alone  during  60  hours  of  operation.  How- 
ever, the  multi -cyl inder  engine  did  experience  a shutdown  because  of  acce- 
lerated wear  with  the  use  of  1.5%  CHO  after  about  110  hours  of  operation. 

Table  22  relates  those  four  problem  areas  to  whether  or  not  5®  BCM 
plus  0..5°o  CHO  would  be  satisfactory  for  engine  use  on  short-term  or  long- 
term bases.  In  the  case  of  the  injector  hole  enlargement,  the  FSF  possi- 
bly would  be  adequate  for  short-term  use,  but  its  suitability  for  long- 
term use  is  unknown.  For  injector  valve  sticking,  its  suitability  is 
unknown  for  either  short-term  or  long-term  use.  The  oil-control  piston 
ring  resistance  to  chipping  would  probably  be  satisfactory  in  short-term 
use,  but  is  unknown  for  long-term  use.  Accelerated  wear  would  not  be  a 
problem  with  short-term  use;  however,  it  could  become  a serious  problem 
for  long-term  use. 
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lABI  1.  21  MAXIMUM  HOURS  OF  FSFOPFRAHON 
ASSURFD  IN  LABORAIORY  ENGINFS 


Problem  Area 

Operating  Hours  with 
FSF  Containing 

BCM  Only 

B(  M Plus 
0 5%CHO 

Injector  Hole  l iilaigenrcnt 

(>l)(FR  M 

>114  (V()-155l 

Injector  Valve  Sticking 

40-H0(F.R..H 

40-S0  (FR-5) 

Oil-Control  Piston  Ring  Chipping 

>SO(Vb-l  55  > 

>114  (V()-155) 

Accelerateil  Wear 

>b0  (FR-31 

1 1 4 lVii-1  55) 
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I ABLh  22.  SUMMARY  OF  BUM  FSF-  l.ABORATOKY 
FNGINF  FFS  I RKSULIS 


Problem  Area 

5%  BUM  PlusO  ( HO 

Satislaclory  lot 
Engine  Use 

Short  Term 

Long  Term 

Inicctor  Hole  Fnlargenient 

Yes 

■) 

Injectoi  Valve  Slieking 

■) 

Oil-Cunirol  Piston  Ring  ( hipping 

Yes 

•» 

.Acceletaletl  Wear 

Yes 

No 

I 

1 
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IV.  CONfUJS  ION’S  AN!)  RLCOMMIiN'DATIONS 
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This  correcti ve-act i on  procran  developed  information  that  provides 

stantitive  basis  for  the  fol lowing  conclusions  and  recommendations. 

• Problems  stemminp  from  diesel  fuel  injector  nozzle  hole  enlarge- 
ment durinp,  enpine  operation  with  BCM  PSF  are  alleviated  by 

the  presence  of  cyclohexene  oxide  in  the  fuel. 

• The  injector  valve  stickinp  problem  observed  durinc  diesel  enpine 
operation  witli  B01  FSF  was  not  alleviated  by  the  presence  of 
cyclohexene  oxide  in  the  fuel. 

• Chippinp.  of  the  chromium  platinp  on  the  oil-control  piston  rinp, 
such  as  that  encountered  durinp  the  earlier  AVDS  1790-2C  diesel 
enpine  endurance  test  with  BCM  FSF,  was  not  encountered  durinp 
enpine  tests  conducted  as  part  of  this  study. 

• Accelerated  wear  effects  observed  durinp  diesel  enpine  operation 
with  BCM  FSF  are  appravated  by  the  presence  of  cyclohexene  oxide 
in  the  fuel. 

• Accelerated  wear  caused  by  BCM  FSF  is  mitipated  by  the  presence 
of  epoxidized  soybean  oil  in  the  crankcase  lubricant  until  the 
halopen  scavenpinp  capacity  of  the  epoxy  proup  is  consumed, 
after  which,  lubricant  deterioration  and  accelerated  wear  effects 
are  promoted,  relative  to  the  absence  of  epoxidized  soybean  oil. 

• Conventional  corrosion  inhibitors  and  lubricant  acid  scavenpers 
are  ineffective  for  preventinp  fuel  injector  hole  enlarpement 
or  accelerated  enpine  wear. 

• Diesel  eneines  in  Army  mobility  equipment  could  probable  operate 
satisfactorily  durinp  limited,  short-term  emerpency  use,  i.c., 
less  than  about  one  hundred  hours  of  service. 

• Long-term  utilization  of  BCM  FSF  is  not  a viable  consideration 
on  the  basis  of  present  knowledge. 

• No  additional  applied  research  and  development  should  be  devoted 
to  the  use  of  BCM  as  a fire-vulnerability-reduction  fuel  additive. 
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APPI'.NniX  A 


BALLISTIC  LVALUATION  OF  FIRL-SAFF  FUEL 


A scries  of  replicated  ballistic  tests  was  conducted  by  AFLRL  to 
tentatively  establish  the  efficacy  of  fvo  BCM  FSF  at  a realistic  raxinum 
fuel  tank  tcmpcrnturc  of  77°C  (17n°i-)  (Fipures  11)  and  20).  These  tests 
comprised  the  firin<’,  of  20  nm  IIEIT  rounds  horizontally  into  76  liters 
(20  e.al.)  of  fuel  contained  in  a 11-1-1  iter  (r>''  pal.)  horizontally-mounted 
drum.  A tilted  (‘1S°)  aluminum  (ilatc  was  mounted  Sn  cn  (1  ft.)  in  froiit 
of  the  drum  face  so  that  tlie  1000  m/s  nroiectile  would  penetrate  its  ce.iter 
and  become  actuated  before  strikinp  the  center  of  the  drum  face  below  the 
liquid  level.  The  results  of  these  test‘d  indi -ated  that  hC*’  FSF  fS"o  (liq. 
vol.)  BC'I  ill  a 6-i°C  (]1.S°F)  flash  point  i'iesel  fuel]  did  not  experience 
sustained  grovind  fires,  but  did  exhibit  flash  fireball  effects.  Tlic  test 
results  also  demonstrated  that  the  presence  of  1".  cyclohexene  oxide  (can- 
didate halogen  scavenger)  in  the  BCM  FSF  diil  not  adversely  affect  the 
ground-fire  flammability  resistance  of  BC't  FSF. 
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APPENDIX  B 


Acronym 

AFLRL 


A^^MIU: 


AM.SAA 


■>!LRAl)COM 

TARAI1COM 

TCM 


Abbreviation 

BCM 

BCM  FSF 

Clio 

OF- 2 

LR-3 

FSO 

SAN 

SF.M 

TAN 

XRF 


GLOSSARY  OF  ACRONYMS  AND  AF-BRF.VIATIONS 

Hofinition 

Army  Fuels  ami  Lubricants  Research  Laboratory 
Army  Materials  ami  ‘■lechanics  Research  c:enter 
Army  Materiel  Systems  Analysis  Activity 
Mobility  F:quipment  Research  and  Development  Command 
Tank  Automotive  Research  and  Development  Command 
Teledyne  Continental  Motors 


bromoch loro methane 

bromochloromethane  fire-safe  fuel  (liq.  vol.)  in  DF-2] 
cyclohexene  oxide 
No.  2 diesel  fuel 

single-cylinder  enpine  developed  by  TARADCOM 

epoxidized  soybean  oil 

stronp  acid  number  (ASTM  D664  ) 

scanninR  electron  microscope 

total  acid  number  (ASTM  D664  ) 

X-Ray  fluorescence  analysis 
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